C hronic hepatitis C virus (HCV) infection is a leading cause of end-stage liver disease in the United States, and the Centers for Disease Control has predicted that Ϸ10,000 Americans die annually from this disease. Since the discovery of HCV in 1989, basic research on this important pathogen has been difficult because of the lack of a robust cell-culture system. Thus, the recent development of a cell culture resulting in production of significant levels of infectious virus particles (1-3) will without doubt lead to rapid progress in our understanding of the HCV viral life cycle and, it is hoped, development of better therapies. The development of molecular clones of strain H77 (genotype 1a) infectious for chimpanzees in 1997 was an important initial advance, but these clones and subsequent infectious clones of other genotype strains did not produce viruses in cell culture (4-7). Another critical advance was the development of subgenomic replicons in 1999 that permitted studies of RNA replication (8) . Efficient replication, however, depended on adaptive mutations (9, 10) . In 2003, Kato et al. (11) observed that the WT JFH1 strain of HCV, belonging to genotype 2a, replicated to high levels in the replicon system. Subsequently, in 2005, Wakita and coworkers (2) demonstrated that RNA transcripts from the full-length JFH1 genome could produce viruses in a human liver hepatoma cell line (Huh-7 cells), and it was demonstrated by Chisari and coworkers (3) that this system could be developed to generate relatively high titers of HCV. In a different approach, Rice and coworkers (1) developed a chimeric genome in which the structural genes (C, E1, and E2), p7, and NS2 from an infectious clone of another genotype 2a strain (strain HC-J6) (6) were inserted into the subgenomic replicon of the JFH1 strain and demonstrated that RNA transcripts from this full-length chimeric genome could produce relatively high titers of HCV. In the current issue of PNAS, a study by Lindenbach et al. (12) demonstrated that chimeric J6͞JFH1 viruses generated in vitro were fully viable also in vivo, as tested in chimpanzees and in SCID-uPA mice with human liver grafts, and that virus recovered from infected animals efficiently infected naïve Huh-7 cells. An overview of this important study is shown in Fig. 1 .
Therefore, it appears that not only has a cell-culture system been developed for HCV, but this system produces viruses that are biologically relevant.
The chimpanzee model is the only animal model available for HCV that permits studies of infectivity and pathogenesis (reviewed in ref. (12) . RNA transcripts from the chimeric genome were transfected into Huh-7.5 cells, and filtered supernatant was used to infect naïve Huh-7.5 cells. The immunostaining shown was performed with a mouse monoclonal NS5A antibody (1) . Titrated virus from a virus stock was used to inoculate two chimpanzees i.v. and two SCID-uPA mice with a human liver graft i.p. Transfer of plasma from one of these viremic mice resulted in HCV infection in a third mouse. The specific infectivity (ratio of infectivity titer to RNA titer) was determined in naïve Huh-7 cells for chimpanzee and mouse serum containing the J6͞JFH1 chimeric virus. TCID 50, tissue culture 50% infective dose. hepatitis, but that has also been observed in animals infected with WT virus. In 2001, Mercer et al. (14) introduced a mouse model that could be used to test the infectivity of HCV. In this SCID-uPA mouse, degenerated mouse hepatocytes are replaced by primary human hepatocytes (14, 15) . It is a difficult model, in part because of high mortality and the need for fresh primary hepatocytes for engraftment (reviewed in ref. 16 ). However, if the mice have a successful graft as measured by a human albumin level of Ͼ1 mg͞ml, they appear to be readily susceptible to HCV. Again in this animal model, the J6͞JFH1 viruses behaved as WT virus and reached titers of 10 6 to 10 7 units͞ml. Overall, therefore, the conclusion that these cell-culture-derived viruses are fully viable in vivo is justified. It will be important to confirm by sequence analysis that the virus recovered from the animals did not acquire adaptive mutations but the kinetics observed in the animals, and the fact that these viruses could readily infect naïve Huh-7 cells would suggest that adaptation did not play a major role.
As mentioned, efficient replication in Huh-7 cells of replicons of most HCV strains depends on adaptive mutations located at various sites in the nonstructural proteins (reviewed in ref. 17) . It was previously demonstrated that such mutations severely attenuate viability of fulllength genomes in chimpanzees (18) and also interfere with virus production in vitro (19) . The exception, however, was the JFH1 strain, where the WT sequence apparently replicated to high levels in the replicon system. Two observations, however, suggest that the JFH1 full-length genome might be attenuated in vitro and in vivo. First, the JFH1 genome apparently has a delayed kinetics of virus release (2, 3, 12, 19) , and it will be important to determine whether the JFH1 virus that eventually spreads efficiently in cell culture has acquired adaptive mutations. Second, the JFH1 virus collected from transfected Huh-7 cells resulted in an attenuated infection in a chimpanzee with low viremia titers, early viral clearance, and no seroconversion (2) . The JFH1 and J6͞JFH1 genomes have identical untranslated regions and NS3 through NS5B genes. The C, E1, E2, p7, and NS2 genes in the J6͞JFH1 genome originate from a clone that was previously shown to be infectious in vivo (6) . Thus the fact that the J6͞JFH1 genome appears to be fully viable would suggest that the JFH1 fulllength sequence might have sequences in the C through NS2 genes that are attenuating in vitro and in vivo. The fact that a chimera consisting of two different strains of the same genotype is highly replicationcompetent in vivo is somewhat surprising, in particular because the chimeric NS2-NS3 junction contains the NS2-NS3 autoprotease. Further studies are needed to determine whether the chimeric J6͞JFH1 virus eventually acquires mutations that might further optimize replication of this cell-culture-derived virus.
A very intriguing observation was made by Lindenbach et al. (12) on the relative specific infectivity, as determined by comparing the infectivity titer in Huh-7 cells with the HCV genome titers of cell-cultured viruses from Huh-7 cells and those recovered from chimpanzees and SCID-uPA mice grafted with human hepatocytes (Fig.  1) . The J6͞JFH1 viruses recovered from animals had a specific infectivity that was 10-to 100-fold greater than viruses recovered from infected Huh-7 cells. This higher infectivity of animal-derived viruses was lost after reculture in Huh-7 cells. The difference in specific infectivity of these viruses was reflected by a difference in their buoyant density, with the animal-derived viruses having a lower density. This finding raises the possibility that specific proteins released by human or chimpanzee hepatocytes enhance infectivity of HCV. This phenomenon has recently been observed in the HCV pseudovirus system, in which the entry of retroviral pseudovirus particles bearing the envelope proteins of HCV was found to be enhanced by serum from chimpanzees and humans, human lipoproteins, and human apolipoproteins (20) (21) (22) (23) . Thus, it is a possibility that such lipoproteins and apolipoproteins might also enhance the infectivity of HCV in cell culture.
The development of the J6͞JFH1 culture system by Lindenbach et al. (1) that produces viruses that are fully viable in vivo (12) is a major accomplishment. This culture system is still limited to this particular genotype 2a strain, and even the fulllength HC-J6 genome does not replicate in Huh-7 cells. Thus, it will be important to develop this system for HCV strains representing all six major genotypes of HCV. Such diversity will probably be essential in the testing of new virus-specific antivirals, such as protease and polymerase inhibitors, which most likely will have different efficacies against different viral sequences. Alternatively, other JFH1 chimeric viruses that contain the C through NS2 sequence from other strains could be developed and would be sufficient for studying virus neutralization and specific mechanisms of how HCV enters the host cell. Another limitation of the current cell-culture system is its dependence on a single cell line, which is a hepatoma cell line known to have numerous genetic defects compared with hepatocytes. Such defects could lead, in particular, to data on virus-host interactions that are not biologically relevant. Finally, to consider this cell-culture system for the development of an inactivated whole virus vaccine, it would be critical to identify cell lines, approved for vaccine production, in which HCV can grow to even higher titers than is currently observed in Huh-7 cells. Thus, although the HCV research field has reached an important milestone with the development of a true cell-culture system that permits classical virological studies, new developments are required to expand research beyond one virus and one cell.
